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The lifetime of the neutron, although being a fundamental quantity in particle physics, is to date still as-
sociated with a puzzle: different techniques of measurements find values of the lifetime which are mutually
incompatible. While methods based on beams of neutrons find a (average) value τbeamn = 888.1±2.0 s, meth-
ods based on traps obtain a shorter lifetime τ
trap
n = 879.37±0.58 s, i.e. a ∼ 4σ mismatch. This is the so-called
neutron decay anomaly. We propose here a novel interpretation of this puzzle based solely on quantum me-
chanics (no need of physics beyond the standard model): if the measurement apparatus and the surrounding
environment are able to observe the unstable system at very short (but not too short) times after the preparation
of it, the so called inverse quantum Zeno (IZE) effect can take place: the IZE corresponds an increase of the de-
cay rate through the interaction of the system with the environment. We argue that such a quantum phenomenon
can be realized in the case of trap experiments but not in the case of beam experiments. There are mainly two
reasons behind our interpretation of the neutron decay anomaly: (i) the intrinsic dependence of the 3-body weak
decay rate on the Q value of the decay (the Sargent rule) (ii) the very peculiar setup of neutron traps, in which up
to ∼ 108 ultra cold neutrons are confined together. This feature can help to increase the frequency of dephasing
of the wave function (equivalent to the ‘collapse’), necessary to obtain the inverse quantum Zeno effect.
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A precise measurement of the lifetime τn of the free neutron is key for nuclear and particles physics: τn determines directly
the primordial helium abundance within the big-bang nucleosynthesis; the vector coupling gV characterizing the weak decays of
nuclei is strictly connected with the Vud matrix element and thus to the unitarity of the CKM matrix. Also, possible rare decay
channels of the neutron can reveal the existence of dark matter particles, such as mirror particles [1].
There have been several measurements of τn which can be classified into two categories of measurements: beammeasurements
(related to the propagation of a beam of free neutrons [2–6]) and trap measurements (related to a sample of trapped ultracold
neutrons (UCN)), [7–12]. To date [13], the averages of τn as computed by considering all the beam experiments τ
beam
n =
888.1± 2.0 s and all the trap experiments τ
trap
n = 879.37± 0.58 separately show a ∼ 4σ discrepancy with the latter being ∼ 8
sec shorter than the former. More precisely, the mismatch reads ∆τ = τbeamn −τ
trap
n = 8.7±2.1 s or, in terms of the ratio of decay
widths, Γ
trap
n /Γbeamn = 1.0098± 0.0024.
This so-called neutron decay anomaly has been the subject of many theoretical investigations aiming at explaining this dis-
crepancy. One of the most exciting, involving beyond standard model physics, is based on a possible new decay channel of the
neutron into dark matter particles n′ slightly lighter than the neutron, see [14]. In this interpretation, while beam experiments
(which detect the protons generated by the neutron decays) measure just the branching ratio for the proton decay channel, trap
experiments can measure the whole width of the neutron and therefore, in presence of an additional decay channel, the decay
width is necessarily larger (thus leading to a shorter lifetime). Of course, such an interpretation would have far reaching con-
sequences for the physics beyond standard model. The dark matter interpretation has been however criticized: the existence of
such a light fermion would imply that they can be formed in the dense core of neutron stars leading to a strong softening of
the equation of state. It would be difficult in such a case to explain the existence of neutron stars as massive as 2M⊙ [15–17].
Another problem arises when comparing with the recent precise measurements on beta decay neutron asymmetry which are in
good agreement with the trap experiments and not with the beam experiments thus suggesting that some systematics affects the
beam experiments and a new decay channel is not needed [18], see also [19]. To summarize, if the discrepancy between τbeamn
and τ
trap
n , is not due to a complicated systematics in the measurements as discussed in Refs. [13, 20], it would still represent a
puzzle (only 4σ though) that needs an explanation.
In this paper, we will provide a new and qualitative idea that can hopefully contribute in stimulating the discussion on the
neutron decay anomaly and could be in principle tested by future experiments. Our proposal is based on standard quantum
mechanics: the decay of unstable states is, from a fundamental point of view, non-exponential, see e.g. Ref. [21] for a theoretical
description, Ref. [22] for the experimental proof of short times deviations and Ref. [23] for the experimental proof of late times
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2deviations. In particular, the survival probability p(t) at early times after the preparation of the unstable systems, scales as
p(t) = 1− tγ(t) where the decay rate γ(t) is itself time dependent and vanishes in the limit t → 0 (how fast it depends on
the interaction leading to the decay and on the kinematics of the decay, see for instance [24–26] for decays within super-
renormalizable and renormalizable theories respectively). Short time deviations from the exponential decay law lead inevitably
to a possibility of modifying the effective decay of the unstable state by means of observations. In particular the most spectacular
effects are the so called (direct) quantum Zeno effect (QZE) [27–29] and inverse quantum Zeno effect (IZE) [30–32], which
correspond to a slowing down or a speeding up of the decay of the observed system, see Ref. [33] for the experimental proof of
both of them in the case of unstable states by means of cold atoms experiments. Moreover, the QZE has been verified also for
the case of Rabi oscillations between atomic levels, see Ref. [34].
The idea we propose in this paper is that, while in neutron beam experiments there is no effect of the measurement on the
decay rate, in the case of trapped UCNs the engineered environment and the measurement procedure is such that it induces an
IZE and thus leads to an acceleration of the decay process.
Let us first explain under which conditions the IZE is obtained. A simple argument has been put forward in [35] (and
experimentally verified in [33]): while the QZE is always possible (although very difficult to realize) the IZE could occur if the
mass of the unstable system (i.e. the real part of the pole of the propagator of the unstable state) is significantly detuned with
respect to the energy of the mode which is maximally coupled with the unstable state.
For the sake of simplicity, let us first model the neutron decay in a very simple way. First, we introduce the Q value ω = mn−
mp−me, where we consider mn, and thus ω , as variables. The on-shell value is ωn = ωon-shell = m
on-shell
n −mp−me = 0.782333
MeV (using the values from the PDG [36]). Since the aim of this paper is a qualitative explanation of the neutron decay anomaly
in terms of IZE, we use a simplified formula for the decay function of the nucleon (the Sargent rule) that allows to understand
analytically how does this effect could occur:
Γn(ω) = g
2
nω
5 for ω . ωon-shell+mpi , (1)
where gn ∝ gVVud. The on-shell value Γ
on-shell
n = Γn(ωn) = g
2
nω
5
n = ℏ/888.1 sec
−1 = 7.41146 ·10−25 MeV implies that gn =
1.59028 ·10−12MeV−2 , upon using ωn = 0.7823 MeV, i.e. the Q value of the neutron beta decay. The use of the correct decay
formula (ω5 being the dominant term, see e.g. [1] ) would not change the argument of this paper and is left for the future. The
behavior of Γn(ω) is valid up to the opening of the strong interaction threshold at mn +mpi . Moreover, modifications at much
higher energy for ω ∼ MW (the mass of the weak interaction bosons) are also expected. Indeed, Γn(ω) should scale as ω for ω
much larger than MW . For ω even larger than GUT and/or Planck scales, one should eventually enter into the domain in which
Γn(ω →∞) = 0. Anyway, on the practical level, we will be interested in the behavior of Γn(ω) in a range which is much smaller
than the first threshold, hence the behavior in Eq. (1) is sufficient for our purposes.
In [30–32] a theoretical model for the process of measurement has been described, that we shall use in our approach. A
quite general result is that, in presence of a series of measurements and/or interactions of the system with the environment, the
effective measured decay width may change according to the weighted average:
Γmeasuredn (τ) =
∫ ∞
0
f (τ,ω)Γn(ω)dω , (2)
where the parameter τ parameterizes the time-scale interval between two subsequent measurements. The details of the function
f (τ,ω) depend on the details of the performed measurements, but three general constraints are:
∫ ∞
0
f (τ,ω)dω = 1 , f (τ → ∞,ω) = δ (ω −ωn) , f (τ → 0,ω) = small const . (3)
where the first one guarantees the normalization and the second that, if the system is undisturbed, one obtains the ‘on-shell’ free
decay width Γmeasuredn (τ → ∞) = Γ
on-shell
n . For τ very small, a constant (and small) value is obtained. In this case, Γ
measured
n (τ →
0) = 0 because large values of ω , for which the decay is negligibly small (each realistic Γ(ω) must be small when ω is very
large) deliver the dominant contribution to the integral: this is the famous QZE mentioned above. Of course, as discussed in
detail in Ref. [30, 31], for the neutron decay this is not possible, since τ should be amazingly short (1/MGUT or even shorter),
therefore the QZE is de facto impossible for this unstable system.
On the other hand, the IZE can take place and it is quite likely when τ is small but not too small. In fact, the function f (τ,ω)
is peaked at ωn and, typically, is symmetric w.r.t. ωn. Thus the tail of Γ(ω) on the right of ωn is leading: Γ
measured
n (τ)> Γ
on-shell
n .
The details of the function f (τ,ω) depend on which type of measurement is performed. For instance, for instantaneous ideal
measurements performed at times τ, 2τ, ... it takes the form f (τ,ω) = τ
2pi
sin2[(ω−ωn)/2]
[(ω−ωn)/2]2
. If, instead, a continuous measurement is
performed (continuous dephasing, see Refs. [30–32] for details) one obtains f (τ,ω) =
[
(ω−ωn)
2+ τ−2
]−1
/piτ .
For both choices described above, there is an important point: the integrand f (τ,ω)Γn(ω) is not convergent if Eq. (1) is
(wrongly) used to arbitrarily high values of ω . In turn, this means that the details of Γmeasuredn (τ) would depend also on the
3high energy behavior of Γn(ω), where strong interaction starts to play a role and -at even high energies- the effects of the weak
interaction bosons become important. While this is true in principle, additional considerations are needed. It is in fact not realistic
to assume that ω varies up to very large values. In fact, when a neutron is “created”, there is a certain energy indetermination
∆E , in turn meaning that one should consider ω between the range ωon-shell−∆E and ωon-shell+∆E . When repetitive collapses
are considered (of whatever type), the case in which each measurement occurs instantaneously (ideal case) would correspond
to ∆E = ∞, thus the whole function Γn(ω) should be considered. However, each realistic measurement in between (it does not
matter if continuous or not) takes a finite time, and ∆E is finite.
In our approach we then modify Eq. (2) as it follows:
Γmeasuredn (τ,ωC) =
∫ ωC
0
f (τ,ω)Γn(ω)dω (4)
where ωC ≃ ∆E is well below the lowest threshold for the modifications associated with the strong interaction (and much
below the threshold for weak interaction modifications). Hence, ωC is not ‘intrinsic’ to the neutron but is related to the process
of formation and subsequent monitoring of the neutron(s) by the environment described by the whole physical system (see
discussion below). A reasonable estimate to start with shall be ωC ≃ 2ωn. For simplicity, we do not modify the lowest range of
integration that is fixed to 0 (this is consistent with ωC ≃ ∆E & ωn).
For illustrative purposes, we shall use the Lorentzian form of f (τ,ω). By using Eq. (4), the explicit result reads:
Γmeasuredn (τ,ωC) = Γ
on-shell
n
(
1+
h¯
τ
ω4C
4piω5n
)
(5)
One sees that:
Γmeasuredn (τ,ωC)> Γ
on-shell
n . (6)
This aspect is per se very interesting at a qualitative level: a decrease of the lifetime is always realized. The question is whether
this effect can be sizable enough to explain the discrepancy measured in the experiments on the neutron lifetime. As a general
comment, it is clear that Γmeasuredn can be sizably larger than Γ
on-shell
n (thus making the IZE a viable interpretation for the results
of the trap experiments) if either τ is very small or ωC is significantly larger than ωn (if ωC would correspond to an energy scale
of strong interaction (say 1 GeV as a reference), then a value of τ of the order of 10−8 sec would imply a sizable enhancement
of the measured width). We regard this possibility as quite unlikely, namely it is very difficult to imagine that the neutrons can
have such a high degree of “off-shellness”. If ωC is ∼ 2-10ωn, the value of τ needed to explain the experimental result is as
small as 10−16-10−19 sec. The question is then to understand if and how such a small of value of τ can be realized. We now
discuss separately both types of experiment for the neutron decay and we shall see that there are indeed crucial differences that
can explain the mismatch.
First, let us consider the beam experiments. In that case, we should assess how often does the collapse (or equivalently, the
dephasing) of the wave function takes place. Electrons and protons emitted by the neutrons could be quite fast (typically a
velocity of a few tenths of c for the electrons and up to ∼ 10−3c for the protons ). Taking into account that the typical distance
that the protons or the electrons have to cover before interacting with the environment (which includes the detector, but is much
larger), thus causing the collapse, is of about 0.1− 1 m), one obtains that τ could be as small as ∼ 10−9 s. For ωC of the order
of 2ωn or even 10ωn, it follows that the beam decay width basically coincides with the on-shell decay width:
Γbeamn ≃ Γ
measured
n (τ ∼ 10
−9,ωC ∼ 2-10ωn)≃ Γ
on-shell
n , (7)
to a very good level of accuracy. In fact, as long as ωC is sufficiently small, no deviation from the off-shell value is possible. In
fact, in order to obtain a Γbeamn sizably larger than Γ
on-shell
n , unrealistic values of ωC are required. For instance, in order to get
Γbeamn ≃ 1.0098Γ
on-shell
n one would need ωC ∼ 619ωn = 484 MeV, which is even sizably larger than the pion mass. Summarizing,
the validity of Eq. (7) seems well upheld.
Next, let us turn to the trap experiments. Here, for a single neutron, we also obtain a similar dephasing time of about τ ∼ 10−9
s. Yet, here the situation is different due to fact that trap experiments deal with UCN (temperature of the order of 1mK and
de Broglie wavelength λ greater than 100nm, see e.g. [12]), thus neutrons are strongly correlated by the requirement of anti-
symmetrization of the wave function. Moreover the spectrum of neutrons is prepared in the experiment in such a way that
energetic neutrons rapidly escape the trap. Conversely, neutrons in beam experiments have a rather broad spectrum [20] and we
expect therefore to be very weakly correlated to each other. As a consequence, the collapse of a single neutron (i.e. the detection
of one of its decay products by the environment) implies the collapse of the whole wave function, and thus of all neutrons. Since
one can estimate that there are about 108 neutrons in the trap [37] the effective τ reads τ ∼ 10−9 · 10−8 = 10−17 s. If we then
consider
Γtrapn ≃ Γ
measured
n (τ ∼ 10
−17,ωC ∼ 2-10ωn)& Γ
on-shell
n ≃ Γ
beam
n , (8)
4-22 -21 -20 -19 -18 -17 -16
Log10[τ(sec)]
0
1
2
3
4
5
6
7
8
ω
C(M
eV
)
-22 -20 -18 -16 -14 -12 -10 -8
Log10[τ(sec)]
0
1
2
3
Lo
g 1
0[ω
C(M
eV
)]
ω
n
2ω
n
ω
n
m
pi
FIG. 1: Relation between ωC and tau for a fixed value of the ratio between the decay rate as observed in trap experiments and beam experiments,
see text. The insert displays a wider range of the variables in order to visualize the strong interaction energy scale for ωC .
Γ
trap
n can be sizable larger than Γ
on-shell
n . For instance, for τ ∼ 10
−17 and for the quite realistic value ωC = 6.19ωn one obtains
the required value Γ
trap
n = 1.0098Γon-shelln = 1.0098Γ
beam
n . In Fig. 1 we display the relation between τ and ωC. In particular, we
show ωC as a function of τ for a fixed ratio Γ
measured
n (τ,ωC(τ)) = 1.0098Γ
on-shell
n . For each value of ωC, one can read off which
τ is needed to obtained a larger decay width such as the one found in the trap measurements.
In conclusion, due to the specific setup of such experiments (the very low energy of those ultra cold trapped neutrons and their
large number), it is indeed possible that the IZE is responsible for the mismatch w.r.t. the beam ones. It should be stressed that
our explanation is -at the present stage- only qualitative, since a very simple measurement model has been used. Yet, it points
to an interesting possibility that needs further investigation in the future. As a simple predictions, we note that an additional
measurement of protons in trap experiments should confirm the decreased value of τtrap, since this has no influence. On the other
hand, if one could (significantly) decrease or increase the number of neutrons in the trap, one should correspondingly measure a
decrease or increase the “effective” decay width.
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